We cloned and mapped two novel zebrafish genes, cxcr4a and cxcr4b, which are closely related to mammalian CXCR4. Expression analysis by reverse transcription-polymerase chain reaction and in situ hybridization demonstrated that these two genes are expressed in most cell lineages known to express Cxcr4 in mammals. These genes are co-expressed in lateral mesoderm and posterior midbrain. The transcripts of cxcr4a were detected in interneurons and endoderm, whereas cxcr4b was specifically expressed in sensory neurons, motoneurons and cerebellum. In the lateral mesoderm, cxcr4b transcripts appeared earlier than those of cxcr4a. Thus, the function of mammalian CXCR4 could be split between the two zebrafish genes. These genes probably derived from the genome duplication event, which occurred during the evolution of teleosts. Similar pairs of Cxcr4 may exist in other species, where genome duplication has occurred. q
Results and discussion
CXCR4 is a predominant chemokine receptor detected in vertebrate embryos. Murine CXCR4 has a dynamic expression pattern during organogenesis, particularly in the developing neuronal, cardiac, vascular, hematopoietic and craniofacial systems, suggesting a role for chemokine signaling in multiple embryogenic events (McGrath et al., 1999) .
In zebrafish, the developmental roles of mammalian CXCR4 appear to be split between two related genes, cxcr4a and cxcr4b. Initially, a clone containing a partial cDNA of the 3 0 terminal of cxcr4b was identified by the expressed sequence tag (EST) approach (Gong et al., 1997) . The full size cDNA of this gene was obtained using 5 0 rapid amplification of cDNA ends (RACE)-PCR.
The clone containing cxcr4a was found during the search for the full size cxcr4b cDNA. Following sequencing, BLAST analysis indicated a close similarity of deduced zebrafish proteins with the piscine (carp and trout) Cxcr4s (Fig. 1A,B) . The putative proteins are less related to the mammalian CXCR4s, however, the level of conservation is relatively high (Fig. 1A) , suggesting that the zebrafish Cxcr4s may perform a function similar to that of the mammalian CXCR4. The two zebrafish cxcr4s were mapped using the T51 radiation hybrid panel (zebrafish-hamster hybrid cell lines; Research Genetics, USA; Kwok et al., 1998; Geisler et al., 1999) . cxcr4a maps to LG6 and cxcr4b to LG9. Detailed information about the primers used is available from the authors upon request. The mapping data suggests that the chromosomal regions containing the two cxcr4s could be evolutionarily related (Fig. 1C,D) . These regions of LG6 and LG9 contain three consecutive duplicated genes when compared with human chromosome 2 (Fig. 1D ). To our knowledge, there are no mutants mapped to either location of the cxcr4 genes.
The transcripts of the two genes were detected immediately after fertilization, suggesting the presence of maternally-derived mRNA of both genes. Transcription of cxcr4a strongly increased after the mid-blastula transition (MBT). In contrast, the transcription of cxcr4b only mildly increased after the MBT (Fig. 2) . Later, the increase of transcription at the early neurula stage was observed by in situ hybridization (see below).
Whole-mount in situ hybridization and immunohistochemistry were performed as reported (Oxtoby and Jowett, 1993; Dheen et al., 1999) . Results of the analyses are presented in Figs. 3-5. In general, the combination of To simplify this presentation, we compared the expression domains of the two zebrafish genes with that of murine Cxcr4 (McGrath et al., 1999;  Table 1 ). In most cell lineages, the two zebrafish genes have mutually exclusive patterns of expression. For example, cxcr4a is expressed broadly in the neural plate (Fig. 3I ,K) and endoderm ( Fig. 3A-D) , and later on in the endothelium (Table  1; and not shown), while cxcr4b is expressed in sensory neurons and kidneys (Figs. 4E and 5D, F) . However, in some regions, zebrafish cxcr4s are co-expressed. In the lateral mesoderm, the murine Cxcr4 is expressed only before the formation of somites (McGrath et al., 1999) . cxcr4b is expressed at a low level in most, if not all, cells of the lateral mesoderm in the tail bud region (Fig. 4C,F) and increases prior to somite formation (Fig. 4C,D) . After the formation of somites, expression is transiently maintained in the relatively undifferentiated anterior part of somites (Fig. 4C ). In contrast, the expression of cxcr4a starts more anteriorly in the adaxial cells (Fig. 3G ).
Following somite formation, the expression of cxcr4a appears in paraxial cells. Similar to cxcr4b, the expression of cxcr4a is maintained in the anterior part of somites (Fig.  3I) . Thus, the expression of cxcr4b in the lateral mesoderm starts early, while that of cxcr4a is delayed and more Fig. 1 . A comparative analysis of the two zebrafish CXCR4s. (A) Predicted amino acid sequences of the two zebrafish Cxcr4 genes aligned with those of carp, mouse and human. The GenBank accession numbers for zebrafish sequences are -for cxcr4a -AY057095 and for cxcr4b -AY057094 (B) Dendrogram comparison of similarity within a group of vertebrate CXCR4s, where the two zebrafish proteins form a group with CXCR4s of other teleosts. Since all teleosts have probably undergone a genome duplication, it would be reasonable to expect that genomes of other teleosts within this group (trout and carp) must contain at least one more cxcr4 gene. (C) The two zebrafish cxcr4s mapped to LG6 (cxcr4a) and LG9 (cxcr4b) using the radiation hybrid panel T51 (Kwok et al., 1998; Geisler et al., 1999) . (D) Based on the results of genetic mapping, we suggest conservation of syntenies among chromosomes containing zebrafish cxcr4 genes. The loci syntenic on individual chromosomes are arranged in columns with apparent orthologues in the mouse (chromosome 1 and chromosome 2) and human (chromosome 2).
restricted, suggesting different developmental roles of these genes in derivatives of the lateral mesoderm.
These observations provide evidence to support the idea that after duplication, gene pairs have partitioned ancestral functions between the two copies (Force et al., 1999) . The two zebrafish cxcr4 genes split not only tissue-specific, but also developmental, stage-specific regulatory elements. Thus, it seems that during evolution, cxcr4a maintained most of the functions associated with the murine CXCR4. Also, the time course of its expression is more reminiscent of that of mammalian CXCR4. In contrast, cxcr4b acquired some novel early functions. It is expressed in structures associated with the escaping reaction, such as the primary sensory cells (RB cells), motoneurons and early muscles (Fig. 5E-G) . Therefore, cxcr4b could play a role in the evolutionary adaptation mechanism that was developed to accelerate the embryonic development of zebrafish (reviewed in Kimmel and Westerfield, 1990; Korzh, 1994) . cxcr4b mRNA is present at a low level during the first 6 h of development. As shown by whole-mount in situ hybridization, its level starts to increase at the early neurula stage (see Fig. 4 ). cxcr4a transcripts are present at a low level during blastula stage and zygotic transcription is strongly activated at 3.3 hpf. RT-negative control was carried out at the same time and no band was detected (not shown). In (F), the white broken lines define a section shown in (E). In (G), the white line defines a section shown in (H). During somitogenesis, cxcr4a is expressed in somites (sm) immediately after their separation from the unsegmented lateral mesodermal plate (black dotted line) and in the tail bud (I). In addition, ventral interneurons (in) express this gene (J). In somites, expression of cxcr4a is confined to the sclerotome (sc) (J). In the tail bud (K), cxcr4a expression is found mainly in the neural plate (np) and endoderm (en). am, axial mesoderm; d, dorsal; es, embryonic shield; hgg, hatching gland; n, notochord; rb, Rohon The expression of cxcr4b is detected in the anterior (aht) and posterior hypothalamus (pht). (M) In the telencephalon (tc), the most intense expression was detected in the olfactory placode (op). In the dorsal diencephalon, expression occurs in the epiphysis (ep) and nuclei of posterior commissure (npc). bmn, brachiomotor neurons; ep, epiphysis; lc, locus coeroleus; ma, Mauthner neuron; op, olfactory placode; mhb, midbrain-hindbrain boundary; nmlf, nucleus of medial longitudinal fascicle; npc, nuclei of posterior commissure; pllo, primordium lateral line organ; r, rhombomeres; rgc, retinal ganglial cells; tc, telencephalon; vp, ventral patch; PTU, embryos treated with 1-phenyl-2-thiourea. Bar, 50 mm.
